The ATLAS measurement of the exclusive Z+1-jet cross section shows a surprising agreement with fixed-order predictions in the kinematic region expected to be dominated by large jet-veto logarithms. We identify the explanation for this effect: the jet-isolation criterion implemented by ATLAS allows dijet events where an energetic jet is collinear to a final-state lepton. This process contains a giant K-factor arising from the collinear emission of a Z-boson from the dijet configuration which overwhelms the effect of the jet-veto logarithms. We provide numerical results for 7 TeV, 8 TeV and 14 TeV LHC collisions that demonstrate the interplay between the jet-veto logarithms and the giant K-factor in the theoretical prediction. We suggest an alternate isolation criterion that removes the giant K-factor and allows for a direct test of the jet-veto resummation framework in the Z+1-jet process.
I. INTRODUCTION
The study of QCD cross sections in the presence of exclusive jet binning has received significant theoretical attention over the past few years. This interest is driven primarily by the experimental need to separate signal from background in the search for the Higgs boson in the W W final state [1] [2] [3] [4] . This analysis proceeds by separating the 0-jet and 1-jet bins from the inclusive 2-jet bin, where the tt background contamination is large. This separation allows for different cuts to be imposed in the inclusive 2-jet bin to reduce the tt background.
Predictions in fixed-order perturbation theory in the presence of exclusive jet binning can suffer from large uncertainties, due in part to unresummed logarithms involving the disparate scales in the process [5] [6] [7] . The large logarithms in question take the form L = ln (Q/p cut T ), where Q is the hard scale of the considered process and p cut T denotes the upper cut on the transverse momentum of additional final-state jets. These terms can also shift the central value of the prediction. Such an effect has recently been invoked [8] [9] [10] to explain the slight excess in the W W cross section compared to theoretical predictions observed by ATLAS and CMS [11, 12] .
It is now known how to resum these logarithms to all orders in the QCD coupling constant, both in the 0-jet bin [13] [14] [15] [16] [17] [18] [19] [20] and the 1-jet bin [21] [22] [23] [24] . A combined treatment of the 0-jet and 1-jet bins indicates that a factor of two reduction in the theoretical uncertainty on the prediction for Higgs production in the W W final state is possible upon switching from fixed-order to resummation-improved perturbation theory [23] . This uncertainty will be further reduced upon completion of the full next-to-next-to-leading order calculation of the Higgs+1-jet cross section [25, 26] . Given the potential impact of the resummation framework on reducing the theoretical uncertainty in the presence of exclusive jet binning, it is highly desirable to test it against experimental data in processes not involving the Higgs boson. Candidate processes for this test should have a large rate, feature a clean experimental signature, and possess a large hierarchy between the scales Q and p cut T . Two obvious choices that fulfill these criteria are the exclusive W +jet and Z+jet processes. The possibility of measuring the spectrum over a wide range of the jet transverse momentum, p jet T , allows the logarithms L in the theoretical prediction to be probed over a wide range of values, since Q ∼ p jet T . Such measurements have been performed at the LHC. In particular, ATLAS has measured the exclusive Z+1-jet cross section with their 7 TeV data for values of p jet T ranging up to 550 GeV, with a jet veto on the second jet of p cut T = 30 GeV [27] . Surprisingly, they observe excellent agreement between data and the fixed-order prediction over the entire p jet T range. A rough estimate of the size of the leading-logarithmic correction to the p jet T spectrum arising from the veto on the second jet gives
in the highest p jet T bin, where C i is the Casimir constant of the initial-state parton. This simple estimate leads to the expectation that the perturbative prediction for this process is dominated by jet-binning logarithms, and that resummation should have a large effect on the result. The fact that a large shift is not observed begs for an explanation.
In this manuscript we study in detail the resummation of jet-veto logarithms for the exclusive Z+1-jet process. We identify a critical aspect of the ATLAS isolation requirement that leads to the puzzling behavior noted above. The ATLAS analysis accepts two-jet events where a Z-boson is collinear to a final-state jet. Such events are allowed because the analysis is inclusive in a cone around each final-state lepton. If a jet falls within this phase-space region, it is accepted. The ATLAS measurement should therefore be thought of as the sum of two distinct processes: a Z+1-jet exclusive cross section with a global jet veto imposed, and a dijet cross section with the emission of a Z-boson within a small cone surrounding one of the two jets. At high p jet T the second process leads to a "giant K-factor" [28] . The effect of the jet-veto resummation is to decrease the fixed-order cross section at high p jet T due to suppression of the large logarithms. However, the giant K-factor increases the cross section, and cancels the suppression from the jet-veto resummation in the accessible phase-space region at 7 TeV.
We provide predictions that include both jet-veto resummation and the giant K-factor for proton-proton collisions at 7 TeV, 8 TeV, and 14 TeV, and compare against the available experimental data at 7 TeV. We demonstrate the interplay between these competing effects in the theoretical prediction. We also suggest an alternative isolation criterion that removes the giant K-factor effect and allows the jet-veto resummation formalism to be directly accessed. Our paper is organized as follows. In Section II we describe the cuts imposed in the ATLAS measurement, paying careful attention to the isolation requirement on the leptons. In Section III we discuss the framework we use for our theoretical predictions. Numerical results for 7 TeV, 8 TeV and 14 TeV LHC collisions are presented in Section IV. We discuss the structure of the numerical results in detail, and also show how the alternate isolation proposed in Section II allows the jet-veto resummation framework to be directly tested. Finally, we conclude in Section V.
II. OVERVIEW OF THE ATLAS MEASUREMENT
We begin with a discussion of the experimental cuts used in the ATLAS measurement of the exclusive Z+1-jet cross section [27] . We also introduce an alternative isolation requirement which reduces the giant K-factor discussed in the Introduction.
The ATLAS selection criteria on both the jets and leptons are summarized in Table I . We note that we use the combined data sample that includes the Z-boson decays to electrons and muons as provided in [29] . This sample is constructed by extrapolating the slightly different cuts on the electrons and muons to a common phase-space region. Jets are reconstructed using the anti-k t algorithm [30] with a distance parameter R = 0.4. The jet candidates are required to have a transverse momentum p An important issue in this analysis is the implementation of lepton-jet isolation. In the ATLAS analysis, the two leptons and jet are required to satisfy the isolation criteria ∆R lj ≥ 0.5. However, the experimental measurement is inclusive in hadronic activity inside the cones around each lepton; no veto is imposed on an energetic jet that falls within either cone. Events with two energetic jets, with one jet collinear to a lepton, are therefore accepted by the ATLAS analysis. As we will show later, these events with a jet collinear to a lepton lead to the appearance of a giant K-factor at high p jet T due to the emission of a Z-boson collinear to a very energetic final-state jet. We define and later study an alternative lepton-jet isolation criterion that instead vetoes energetic jets that satisfy ∆R lj ≤ 0.5. This has the effect of removing the giant K-factor. To summarize, we consider the following two isolation criteria in our study:
−ATLAS isolation: jets with ∆R lj ≤ 0.5 are kept; −Alternative isolation: jets with ∆R lj ≤ 0.5 are vetoed.
Finally, we note that ATLAS applies corrections to the theoretical predictions in their comparison to fixed-order QCD to account for the underlying event and for QED finalstate radiation effects. The effect of the underlying event is found to be roughly 7% at low p jet T , falling to zero at high p jet T [27] . The QED final-state radiation correction factor is an additional 2%. Since we are interested primarily in the high-p jet T region in our analysis, and since most of our study involves comparing the fixed-order results to the resummed ones which receive the same shifts, we neglect these corrections here.
III. THEORETICAL FRAMEWORK
We now discuss the theoretical framework we use to provide our predictions. The ATLAS cuts are such that the accepted cross section consists of two distinct categories of events: exclusive Z+1-jet events with a global jet veto imposed, and dijet events where one jet is collinear to a final-state lepton. This motivates the following theoretical decomposition of the cross section:
Our theoretical formalism allows us to resum the jet-veto logarithms that appear in σ Z+1j . The contribution from σ dijet is obtained by matching our resummation prediction to the fixedorder result at next-to-leading order (NLO) in α s , the first order at which σ dijet appears. We begin with a brief sketch of the resummation framework. This formalism has already been discussed extensively in the literature. For a more detailed treatment of the exclusive 1-jet bin resummation we refer the reader to Refs. [21, 22] . The measurement function for σ Z+1j consists of a single jet with p T is substantially lower than the partonic center-of-mass energy, the cross section is sensitive to soft and collinear emissions, leading to large logarithms in the prediction. The resummation of jet-veto logarithms begins with the factorization of the cross section into separate hard, soft, and collinear sectors which follows from this hierarchy of scales. We use soft-collinear effective theory (SCET) to accomplish this factorization [31] [32] [33] [34] [35] . The detailed steps in the derivation are presented in Ref. [21] . We present here only the final result for the factorized cross section:
The superscript on the differential cross section indicates that we will evaluate this cross section to the NLL level, in the counting scheme defined in Ref. [5] . dΦ Z and dΦ J are the phase-space measures for the Z-boson and the massless jet J, respectively. F(Φ Z , Φ J ) includes all additional phase-space cuts other than the transverse momentum veto. H is the hard function that comes from matching QCD onto SCET. In the scheme in which we work, the hard function is the finite part of the one-loop virtual corrections to the Z+1-jet amplitude. S describes soft final-state emissions. The trace is over the color indices. The functions I and J describe collinear emissions along the beam axes and along the final-state jet direction, respectively. The measured jet p jet T should be much larger than p cut T . Implicit in the above setup is that the dominant kinematic configuration leading to the final state is a hard Z-boson recoiling against a hard jet.
The functions H, J, B and S all live at different energies, in the sense that the large logarithms they contain are minimized by different scale choices. However, each function obeys a separate renormalization group equation that allows it to be evolved to its natural scale, thereby resumming the large logarithms. The requisite anomalous dimensions, as well as the one-loop jet, beam and soft functions needed for a full NLL result, are given in Refs. [21, 22] . They are reproduced for completeness in the Appendix of this manuscript. The one-loop hard functions can be obtained from Ref. [36] , and are also given in the Appendix.
The final ingredient needed for our result is the matching of the resummed cross section with the fixed-order NLO result. We use the NLO predictions for Z+1-jet contained in MCFM [37] . We obtain our prediction by setting
In this equation, σ NLO is the fixed-order NLO cross section obtained from MCFM, and σ NLL is the resummed cross section up to NLL accuracy presented in Eq. (3). σ NLL ,exp Z+1j captures the singular features of σ NLO , and is obtained by expanding σ NLL in α s with all scales set to a common value µ = H T /2. The demonstration that this formalism correctly captures the singular terms at NLO for the Higgs+1-jet cross section was performed in Refs. [21, 22] . We have confirmed that this is also true for Z+1-jet.
We must now correct for the fact that the ATLAS measurement does not impose a global veto on a second jet with p jet T > p cut T , and instead accepts such dijet events when the second jet falls within a cone around either lepton. Such events occur first in fixed-order perturbation theory in processes with two final-state partons emitted along with the Z-boson. They can therefore be incorporated in our framework by using the fixed-order result with the ATLAS isolation criterion instead when matching in Eq. (4):
This expression incorporates both the full NLO result for the ATLAS isolation criterion and the resummation of the global jet-veto logarithms, and is our final prediction.
Since it is relevant for our understanding of the numerical results in a later section, we briefly discuss the partonic channels that contribute to the Z+1-jet cross section. At leading order the contributing partonic channels are→ Zg and qg → Zq, where for the second process the quark can also be an anti-quark. At NLO, the gg → Zqq and→ Zqq also enter as real-radiation corrections. The SCET framework incorporates the gg andinitial states in two places: through collinear splittings in the beam-function matching coefficients I a,iaja , and through the matching to fixed order. However, in the collinear limit described by the SCET framework these channels necessarily consist of a high-p T Z-boson recoiling against a single jet. This will turn out to be a bad approximation at high-p jet T for the ATLAS isolation criterion. The matching corrections from the qg andchannels will become extremely large, and will dominate the prediction at high p jet T for the ATLAS isolation criterion.
IV. NUMERICAL RESULTS
We present here and discuss in detail numerical results for 7 TeV, 8 TeV, and 14 TeV LHC collisions. We use CTEQ parton distribution functions (PDFs) [38] at the appropriate order in perturbation theory: LO PDFs for the LO fixed-order cross section, and NLO PDFs for the NLO fixed-order cross section and for our resummed cross sections. As we will study several different theoretical predictions, we begin with a brief description of the terminology that we will use for our results.
• Fixed order: this is the standard result of fixed-order perturbation theory at either LO or NLO, obtained using MCFM. Unless noted otherwise, the scale choice µ R = µ F = H T /2 is taken, where H T is the scalar sum of the transverse momenta of all jets and leptons in the final state.
• Resummed: this is the cross section implementing the NLL resummation of Eq. (3), but without matching to fixed order. It therefore includes the resummation of the global jet-veto logarithms.
• Matched: this is the full NLL +NLO cross section of Eq. (5). It is our "best" prediction that contains the most information about the perturbative expansion.
These cross sections will each reveal different important aspects of the perturbative cross section.
A. Results for the ATLAS isolation criterion
We begin with a discussion of the 7 TeV results, for which a comparison to the ATLAS data is possible. We show in Fig. 1 the comparison of data to both NLO fixed-order and the matched result of Eq. (4). We have obtained our fixed-order results using MCFM, and have checked that our results agree with the Blackhat+Sherpa numbers used in the ATLAS analysis.
1 We note that the horizontal error bars indicate the p However, the detailed comparison of the fixed-order and matched predictions reveals an interesting structure. The two results differ by roughly 5% in the intermediate range p jet T ≈ 65−280 GeV, but agree almost identically for p jet T > 280 GeV. This is not the expected behavior; the large jet-veto logarithms should increase as the ratio p jet T /p cut T is increased, leading to a larger deviation of the matched result from fixed order for high-p jet T . We show in Fig. 2 the resummed, matched and fixed-order results for the cross section. We extend the range up to p jet T = 2000 GeV for illustrative purposes. The resummed prediction behaves as expected. It is reduced by nearly 50% with respect to the fixed-order NLO prediction at the experimental upper bound of 550 GeV, and becomes more than an order of magnitude smaller at 2 TeV. The matched result differs by at most 5% from NLO at p jet T ≈ 150 GeV, and agrees to better than 1% for p jet T > 400 GeV. Such a large correction when going from the resummed to the matched prediction indicates that another effect besides the jet-veto logarithms dominates at high p The explanation for this effect becomes clear when the correction factor arising from the fact that ATLAS does not impose a global jet veto, but instead allows two-jet events where one jet is collinear to a lepton, is studied. We define this correction factor as ∆σ non-global = σ NLO total − σ NLO Z+1j . This is exactly the difference between the Z+1-jet cross section and the total cross section defined in Eqs. (4) and (5), respectively. We separate this correction factor into the various initial-state partonic channels, and plot their ratios with respect to the resummed cross section, in Fig. 3 . The contribution from two-jet events becomes of the same order as the resummed cross section for p jet T ≈ 400 GeV, and overwhelms the resummed result for higher p jet T values. The reason for this large effect is that these two-jet events are effectively a dijet process with the emission of a collinear Z-boson, a process which contains a large electroweak Sudakov logarithm. This is a qualitatively new kinematic configuration that first appears at NLO. It is an example of a giant K-factor, as discussed in Ref. [28] . We note that the largest effects are in the qg andpartonic channels, due to their large luminosities at high Bjorken-x. Further evidence for the dominance of this new kinematic configuration is provided by the ratio of the NLO fixed-order result over the LO cross section, shown in We now consider predictions for 14 TeV LHC collisions. The primary difference is that higher p jet T values can be probed due to the increased phase space available at this higher energy, and consequently the interplay between the jet-veto resummation and the giant Kfactor can be more completely mapped out. We show in Fig. 5 the comparison between the resummed, matched and NLO fixed-order p jet T spectra at a 14 TeV LHC. The resummed cross section is an order of magnitude smaller than the fixed-order result in the bin p jet T ≈ 1 TeV, a value that should be accessible at the LHC Run II. The matched cross section approaches the fixed-order expression for high transverse momenta, differing by only a few percent in the highest bin. This occurs because the giant K-factor from the qg andchannels dominates the perturbative expansion. We note that the 25% differences between the fixed-order and matched cross sections are visible for p jet T ≈ 500 − 800 GeV. For these values the giant Kfactors do not yet completely dominate the cross section, as seen from Fig. 4 . There is a non-trivial interplay between the giant K-factor and the jet-veto effects in this range, and the resummation of jet-veto logarithms therefore does have a visible impact on the prediction.
B. Results for the alternate isolation
One important application of the exclusive Z+1-jet measurement is to test the jet-veto resummation framework that promises to have a large impact on Run II Higgs analyses. From that perspective the above result is disappointing, since the effect of jet-veto resummation is overwhelmed by the giant K-factor. Although there is a p jet T region in 14 TeV collisions in which there is a roughly 25% difference between the fixed-order result and the full matched result, this arises from a cancellation between the two large effects in the perturbative ex- pansion, and may not be stable with respect to unknown higher-order corrections. However, there is a way around this problem. The giant K-factor comes from the phase-space region where the Z-boson is emitted collinear to an energetic jet. This leads to a large positive correction. This phase-space region can be removed by adopting the alternate isolation criterion discussed in Section II. The giant K-factor no longer appears if the collinear emission of the jet along the Z-boson direction is vetoed. To verify this we plot in Fig. 6 the NLO over LO K-factors for 7 TeV, 8 TeV, and 14 TeV collisions using the alternate isolation criterion. The large K-factor at high p jet T is no longer present, as expected. The cross section in 14 TeV collisions even becomes negative at high p jet T due to the large jet-veto logarithms present in the fixed-order result.
To study what may be learned from investigating the alternate isolation criterion with both 8 TeV and 14 TeV data, we show in Fig. 7 the comparisons of fixed-order with the resummed and matched results. We will focus our explanation on the high-p jet T region, where we expect the largest discrepancies between fixed-order and the resummation formalism to occur. We first note that the resummed prediction and the matched result are nearly the same for all p jet T values. There is no longer a large correction to the resummed cross section as there was with the ATLAS isolation criterion. At 8 TeV the discrepancy between the fixed-order cross section and the matched result reaches 25% at p jet T ≈ 800 GeV. The matched result is greater than the fixed-order one, indicating that the fixed-order scale choice µ = H T /2 too strongly suppresses the cross section at NLO. At 14 TeV the deviation between fixed-order and the matched result already reaches 60% at p jet T ≈ 500 GeV. The discrepancy becomes even larger for higher p jet T , when the fixed-order result becomes negative as seen in Fig. 6 . From the perspective of testing the jet-veto resummation formalism, these are exactly the desired results: large discrepancies with respect to fixed-order predictions in kinematically accessible phase-space regions. Measurement of the high-p jet T cross section with the alternate isolation criterion suggested here will therefore provide a strong test of the resummation formalism.
Finally, we point out one other interesting aspect of the jet-veto logarithms that shows the importance of a precise treatment of these effects in theoretical predictions. We expand the resummation-improved result of Eq. (3) to NLO in α s , and study separately the effects of the leading double logarithms, the single logarithms, and the constant terms that appear in the cross section. All power-suppressed terms in p cut T are dropped in this expansion. Fig. 8 shows that there is an accidental cancellation between the leading-log and single-log terms, which reduces the effect of the logarithmic corrections at intermediate and high p theoretical prediction would therefore underestimate the p jet T value for which this occurs. The cancellation effectively postpones the breakdown of fixed-order perturbation theory for this process.
V. CONCLUSIONS
In this paper we have studied in detail the exclusive Z+1-jet cross section measured by ATLAS with their 7 TeV data. This measurement in principle should test the theoretical framework for jet-veto resummation that promises to greatly reduce the uncertainties plaguing the interpretation of Higgs-boson analyses in the W W final state. However, a surprising agreement between the fixed-order NLO result and the experimental data is observed exactly in the kinematic region expected to be dominated by large logarithms arising from the exclusive jet binning. We have identified the reason for this agreement: the ATLAS study does not apply a global veto on a second jet, but instead allows such an additional jet to be collinear to one of the final-state leptons. The result in this region of phase space does not contain a large jet-veto logarithm, but instead instead contains a giant K-factor arising from the emission of a collinear Z-boson from an underlying dijet process. This configuration dominates the cross section at high p jet T . We have provided numerical predictions for 7 TeV, 8 TeV and 14 TeV collisions that account for both the resummation of jet-veto logarithms and the giant K-factor, and have studied the interplay between these competing effects. The isolation criterion implemented by ATLAS mixes the effect of the jet-veto resummation framework with the giant K-factor. It is desirable to find a way to isolate the jet-veto logarithms in the perturbative expansion, in order to test the resummation formalism. We have therefore suggested an alternate criterion that imposes a global veto on a second jet with p jet T > p cut T , thereby removing the giant K-factor. We have provided numerical results for 8 TeV and 14 TeV collisions using this global veto, and have demonstrated that the jet-veto resummation now dominates the theoretical predictions.
We encourage the experimental collaborations to measure exclusive Z+jet cross sections with both their 8 TeV and upcoming 14 TeV data, using both isolation criteria discussed in this paper. We look forward to testing the jet-veto resummation framework with this data.
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Appendix B: Jet Function
For the partonic channel qg → qZ, we need the quark jet function up to one-loop order:
where L = log µ p jet T R . For→ gZ, we require the one-loop gluon jet function:
We note that Γ 0 = 4 , γ 
We have the following expressions for the necessary anomalous dimensions, as well as the relevant coefficients of the QCD beta functions needed:
For γ H = i γ H i , we have 
